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Functional identity of a purified proximal tubule anion exchanger
protein: Mediation of chloride/formate and chloride/bicarbonate ex-
change. Based on the transport activities and inhibitor Sensitivities,
different functional modes of anion exchangers have been identified in the
kidney proximal tubule including chioride/formate, chloride/oxalate, chlo-
ride/hydroxyl, and chloride/bicarbonate exchange. There is little informa-
tion on the molecular structure and properties of the protein(s) involved
in these processes. Previously, using stilbene affinity matrix and Pac 0
chromatography, we partially purified a protein with anion exchange
properties in brush border membranes (BBM) isolated from rabbit kidney
proximal tubules. This protein has a molecular weight of 162 kDa. When
reconstituted into liposomes, the fraction containing the 162 kDa protein
demonstrated CL/Cl exchange activity. In the current experiments, the
162 kDa protein was purified to homogeneity using a combination of
affinity, ion exchange, and size exclusion chromatography. This protein has
binding affinity for known inhibitors of anion exchangers. When reconsti-
tuted in liposomes, the 162 kDa protein showed anion exchange activity as
assayed by 3"CU/CU exchange. Functional studies in liposomes reconsti-
tuted with the purified 162 kDa protein revealed that this protein mediates
the transport of C1Iformate and CL/HC03. The CU/formate and
CL7HC03 exchange activities in the reconstituted liposomes were
inhibited in the presence of DIDS and furosemide, two known inhibitors
of renal anion exchangers. We conclude that CU/formate exchange and
and CV7HCO3 exchange in kidney proximal tubules are mediated via the
same protein. This protein is distinct from the known anion exchanger
proteins (AEI, AE2, and AE3) and may represent another isoform from
this family of transporters.
The kidney is the major organ responsible for maintaining
electrolyte balance in mammals. This is accomplished predomi-
nantly by absorption of NaCl in various segments of the renal
tubules. The absorption of NaCI by proximal tubules constitutes a
major component of this process. Much is known about the
cellular mechanisms responsible for Na absorption. However,
the cellular mechanisms of chloride absorption in the proximal
tubule are less well understood. In the red blood cell, the
Cl/HC03 exchanger known as band 3 is the major mechanism
responsible for transport of chloride across the plasma membrane
[1]. This transporter, the prototype of chloride/base exchangers
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(also called anion exchangers), exchanges one intracellular
HC03 for one extracellular chloride [1]. Different functional
modes of chloride/base exchangers have been identified in kidney
proximal tubule. These include: Cl7formate [2—4], C1/oxalate
[2, 5], C1/0H [6—9], and C1/HC03 [10, 11] exchange.
In BBM vesicles isolated from rabbit kidney cortex, imposition
of an outward chloride gradient induced uphill influx of formate
compatible with Cl7formate exchange [3]. This transporter is
electroneutral and is inhibitable by disulfonic stilbene DIDS and
furosemide [3]. The physiologic role of this transporter has been
examined in intact proximal tubules of rabbit kidney [12—14]. In
BBM vesicles isolated from rabbit kidney cortex, imposition of an
outward chloride gradient induced an above equilibrium influx of
oxalate suggesting the presence of ClYoxalate exchanger [2, 5].
This transporter is electrogenic and is sensitive to inhibition by
DIDS [2, 5]. The possible physiologic role of ClYoxalate ex-
changer is uncertain.
Another mechanism for reabsorption of chloride in kidney
proximal tubule is via ClY0H (HC03) exchanger. Imposing
an outward 0H gradient across BBM vesicles (pH0 < pHi,
where subscripts i and o refer to conditions in the intra- and
extravesicular spaces, respectively) induced uphill chloride uptake
consistent with a ClY0H exchanger [6—81. Whether the chlo-
ride influx under these circumstances represents a true exchange
process or is due to alteration in membrane potential remains
controversial. In BBM vesicles isolated from rabbit kidney cortex,
addition of the potassium ionophore valinomycin to the mem-
brane vesicles significantly inhibited the pH-induced chloride
influx [15]. This suggests that the influx of radiolabeled chloride in
the presence of an outward 0H (pH0 < pH1) gradient was due
to generation of an inside positive membrane potential resulting
from outward movement of 0H. In perfused proximal tubule,
addition of chloride to the lumen caused cell acidification, sug-
gesting the presence of ClYHC03 or Cl—/OH— exchanger [4].
In separate studies of perfused proximal tubules, reducing the
luminal [HC03] from 25 to 5 mrvs did not affect the intracellular
chloride activity, suggesting that CL/HC03 exchanger does not
play a significant role in chloride absorption in this nephron
segment [16]. Imposing an outward HCO1 gradient across BBM
vesicles isolated from rat kidney cortex significantly increased
DIDS-sensitive chloride uptake consistent with CL/HC03 ex-
change [10, 11]. Given the results of the above studies, it is evident
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that much remains to be learned about the mechanism(s) of
chloride reabsorption in the kidney proximal tubule.
The homology between the structure of the red cell band 3
which mediates ClThicarbonate exchange and the kidney proxi-
mal tubule anion exchangers has been studied at the level of the
protein. Antibodies specific for band 3-related proteins (AE1 and
AE2) do not react with the proteins in the luminal membranes of
proximal tubules [17, 18]. These results suggest that the proximal
tubule anion exchanger protein (s) is (are) distinct from the band
3-related proteins that have been identified thus far.
Using a combination of DNDS stilbene and Pac 0 column
chromatography we partially purified and reconstituted a 162 kDa
protein with Cl-Cl exchange properties in rabbit kidney proximal
tubule [19]. In the present studies, using sequential purification of
rabbit kidney proximal tubule BBM proteins by stilbene affinity,
ion exchange, and size exclusion chromatography, we have puri-
fied to homogeneity the 162 kDa protein. When reconstituted into
lipid bilayer this protein demonstrated C1/formate and C17
HC03 activities. We propose that in the kidney proximal tubule,
a 162 kDa protein is responsible for C1/formate and CYJHCO3
exchange.
Methods
Membrane isolation procedures
BBM vesicles were prepared from rabbit kidney cortex or
proximal tubule suspension by a Ca2 aggregation method [201 as
employed previously [21, 22]. Proximal tubule suspensions were
prepared as described [22]. Membrane vesicles were suspended in
a medium consisting of 250 m sucrose and 10 mivi Hepes titrated
to pH 7.5 with tetramethylammonium (TMA) hydroxide. The
vesicles were then frozen and used within four weeks of storage at
—70°C. The purification of BBM vesicles relative to the initial
cortical homogenate was 8.3 1.2-fold based on the enrichment
in specific activity of alkaline phosphatase. The enrichment in
specific activity of Na,K-ATPase was 0.9 0.20-fold in BBM
vesicles.
Stilbene affinity chromatography
DNDS [4, 4'-dinitro-stilbene-2, 2'disulfonate] (35 mg) affinity
matrix was prepared following immobilization in acrylamide
beads according to established methods [19, 23]. BBM proteins (7
mg/mi) isolated from rabbit kidney cortex were solubilized in
0.67% Triton X-100 and centrifuged at 100,000 X g for 70
minutes. The solubilized extract was equilibrated with the DNDS-
affinity matrix for 60 minutes at 4°C. In some experiments, free
inhibitors or transportable substrates were equilibrated with the
mixture to specifically block adsorption of protein(s) to the
immobilized DNDS. The affinity matrix was washed extensively
and then eluted in the absence or presence of 300 m sodium
bicarbonate or 2 mivi DNDS to specifically displace DNDS-
binding proteins. After elution, the supernatants were concen-
trated through Amicon filters, aliquots were subjected to SDS-
polyacrylamide gel electrophoresis, and the proteins were
visualized by Coomassie Blue staining.
Anion exchange (Pac Q) and size exclusion chromatography
Proteins that were eluted from the DNDS affinity matrix were
purified using Pac Q and size exclusion chromatography. Anion
exchange (Pac Q) columns were connected to a low pressure
chromatography unit (Bio-Rads Econo System). Proteins that
were eluted from three DNDS affinity matrices were loaded on
the Pac 0 column and were then eluted at 1 to 2 ml/min in the
presence of increasing concentrations of sodium chloride. Previ-
ous studies in our laboratories showed that a 162 kDa protein,
enriched by DNDS affinity matrix and further purified in the
presence of 100 mm NaCl applied to the the Pac 0 column, was
a candidate for proximal tubule anion exchanger [18]. To purifly
the 162 kDa protein to homogeneity, proteins were further
purified by size exclusion chromatography. Briefly, the proteins
that were eluted from the Pac Q column in the presence of 100
m sodium chloride were concentrated, resolved on a size
exclusion (Bio-Gel-A) column, eluted at 0.5 to I mi/mm, and
collected by a fraction collector. The eluted proteins were con-
centrated and subjected to a SDS-PAGE to determine the
fractions containing the 162 kDa protein.
SDS-polyaciylamide gel electrophoresis
Membrane proteins which were eluted from DNDS affinity
matrix, Pac Q column, or size exclusion column were concentrated
to 50 jxl in Amicon filters and treated with sample buffer in a 1:3
ratio. The sample buffer contained 4% SDS, 10% 2-mercapto-
ethanol, 20% glycerol, and 12.5 m'vi Tris-HCI, pH 6.8. Samples
were electrophoresed on a 10% polyacrylamide gel according to
the Laemmli protocol [24]. The gels were visualized by Coomassie
Blue stain.
Two-dimensional gel electrophoresis
Fractions from the size exclusion column containing the puri-
fied 162 kDa protein (fractions 5 to 12) were pooled and
concentrated. The concentrated eluant was subjected to a first-
dimension tube gel (for IEF determination) and then resolved on
a regular vertical slab gel unit for second-dimension (SE 600 1-2D
and SE 600 vertical slab unit; Hoefer Scientific Inst., San Fran-
sisco, CA, USA). The second-dimension gel was for determina-
tion of the apparent molecular weight of the protein and is
identical to a regular SDS-PAGE.
Reconstitution of the anion exchanger
The DNDS-affinity purified proteins or the fractions (contain-
ing the 162 kDa protein) from the Pac 0 column or size exclusion
column were reconstituted into liposomes and assayed for anion
exchange activity as described [19]. Briefly, the fractions were
pooled, concentrated, and dialyzed overnight against a solution of
100 mM K-gluconate, 100 m'i mannitol, 10 mvi Hepes, TMA-
hydroxide, pH 7.5. Egg lecithin phosphatidylcholine (10 to 20 mg
in 200 xl chloroform) was evaporated to dryness under a stream
of nitrogen [25, 26]. The collections containing the desired
fractions were added to the dry lipid. SM-2 Bio Beads (50 mg wet
wt) were added and the solution was gently stirred at 4°C for three
hours. An extra 5 mg SM-2 beads was added for another two
hours to remove the residual Triton X-100. The proteoliposomes
were recovered from the mixture by slow speed centrifugation for
five minutes. The resulting liposomes were preequilibrated for 120
minutes at 20°C in a medium consisting of 100 mM mannitol, 100
mM K-gluconate, 10 m'vi Hepes, TMA hydroxide, pH 7.5. Valino-
mycin was added to the lipopsomes in a 1/100 dilution from a
stock solution in 95% ethanol. A total of 40 m of K-gluconate
was replaced with K-Cl to impose an outward chloride gradient in
some experiments. For bicarbonate-containing experiments, 57
ae
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Fig. 1. Size exclusion chromatogram of Pac Q-
punfled proteins. Left lane in both gels,
solubilized protein; lanes 1 to 14, fractions
eluted from size exclusion column.
m of K-gluconate was replaced with K-HC03. The influx of 4
mM radiolabeled 36C1 or 25 jIM I4CfOrmate into the liposomes
was assayed at 60 seconds and two hours as described [271.The
reaction was stopped by centrifugation through Sephadex G-25
minicolumns for four minutes at 1000 x gmax. The eluent was
placed in 4 ml of scintillation fluid and radioactivity was deter-
mined by scintillation spectroscopy.
Materials
36Cl and 4C-Formate were purchased from New England
Nuclear (Boston, MA, USA). Phosphatidylcholine, 4,4'-diisothio-
cyanostilbene-2,2'-disulfonic acid (DIDS), and valinomycin were
purchased from Sigma (St. Louis, MO, USA). SM-2 Bio-beads
and Econo-Pac Q cartridges were from Bio-Rad (Richmond, CA,
USA). Valinomycin was dissolved in 95% ethanol and added to
the membrane vesicles or liposomes in a 1:100 dilution.
Results
We previously showed that DNDS, a reversible inhibitor of
C1-HCO3 exchange in erythrocytes [II, could reversibly inhibit
C1/36Cl exchange system in BBM vesicles [191. Using a DNDS
affinity matrix, a protein with Cl /C1 exchange properties was
partially purified [191. This protein has a molecular weight of 162
kDa. The liposmes reconstituted with the partially purified pro-
tein showed CL/36Cl exchange [19]. The results further showed
significant enrichment of the 162 kDa protein by the DNDS
affinity matrix. The DNDS affinity-purified proteins were concen-
trated and subjected to an Econo-Pac 0 (anion exchange) column
and then eluted in the presence of 100, 150, 200, and 250mM NaCI
[191. The eluents were concentrated and resolved on an SDS-
PAGE. The results indicated that the 162 kDa protein, along with
several other proteins, were eluted in the presence of 100 mM
NaCl [19]. The liposomes reconstituted with proteins eluted from
the 100 mrvt NaCI fraction showed significant DIDS-sensitive
36CL/CY exchange activity [19]. The results further suggested
that the 162 kDa protein is a likely anion exchanger. The purpose
of the current experiments was to purify the 162 kDa to homo-
geneity and determine its functional identity. In order to proceed
with complete purification, BBM proteins were solubilized and
subjected to DNDS affinity matrix as described [19]. The partially
purified proteins were further subjected to Pac 0 column chro-
matography and eluted in the presence of 100 mvt NaCI in a
manner similar to published reports [19].
Size exclusion chromatography and anion exchange reconstitution
Size exclusion chromatography. The Econo-Pac 0 column (100
mM NaCI) resulted in significant purification of the 162 kDa
protein confirming previous results from our laboratory [19].
Specifically, the proteins that were in the vicinity of the 162 kDa
protein were eluted in the presence of higher salt concentrations,
making the application of a size exclusion column ideal. To purify
the 162 kDa protein to homogeneity, the partially purified pro-
teins eluted from the Pac 0 column 100 m sodium chloride were
concentrated and resolved on a size exclusion (Bio-Gel-A) col-
umn of 100cm length. The proteins were eluted at 0.75 mI/minute
and collected by a fraction collector. The eluted proteins were
concentrated and subjected to a SDS-PAGE to determine the
efficiency of purification. As shown in Figure 1, the 162 kDa
protein was purified to homogeneity by Bio-Gel-A (size exclusion)
chromatography method. The 162 kDa protein appeared as a
single band in fractions 5 to 12. The proteins with lower molecular
weights appeared in fractions 13 and higher. As noted in this
experiment, the 162 kDa protein started to disappear as the lower
molecular weight proteins were eluted, indicating a reasonable
purification of the 162 kDa protein.
Second-dimension gel electrophoresis
To determine whether the 162 kDa protein is purified to
homogeneity, fractions 5 to 12 from the size exclusion column
were pooled, concentrated, and subjected to a second-dimension
gel electrophoresis according to the Methods section. As shown in
Figure 2, the 162 kDa protein is homogeneous and has an
apparent IEF of 4.5.
Anion exchange reconstitution
To determine the anion exchange activity of the purified 162
kDa protein, the proteins collected in fractions 5 to 12 were
concentrated, dialyzed and reconstituted into liposomes. There-
after, the liposomes were assayed for 36Cl/CL exchange activity.
As shown in Figure 3, the liposomes reconstituted with the
purified 162 kDa protein demonstrated significant DID S-sensitive
36Cl/Cl exchange activity. When compared to anion exchange
activity in liposomes reconstituted with DNDS affinity-purified
proteins or proteins from Pac 0 column, the proteins purified by
the size exclusion chromatography showed significant enrichment
in anion exchange activity (Fig. 6 vs. Figs. 4 and 10 in [19]).
3kDa
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Fig. 2. 2-D gel electrophoresis of the 162 kDa
protein. The 162 kDa protein appears as a
single band with an JEF of 4.5.
Fig. 3. Reconstitution of 162 kDa protein. The influx of 4 mM 36Cl into
liposomes reconstituted with the proteins in fractions 5 to 12 eluted from
size exclusion column was assayed as described in the Methods section.
DIDS was used at 0.5 mt concentration. Each datum represents the
mean SE for three separate experiments performed on different
reconstitution preparations.
Functional identity of the 162 kDa protein
To determine its functional identity, the purified 162 kDa
protein from fractions 5 to 12 of the size exclusion chromatoraphy
were concentrated and reconstituted in liposomes in a manner
similar to Figure 3. We then tested whether the 162 kDa protein
mediates the exchange of chloride for formate. Accordingly, an
outward chloride gradient (Cl1 40 mM, Cl0 4 mM) was imposed
across the liposomal membrane in the absence of a pH gradient
(pH1 = pH0 = 7.5) and the influx of l4cformate was assayed at 60
seconds in the presence or absence of 0.5 mist furosemide added
to the external solution. As shown in Figure 4, the reconstituted
liposomes showed signifcant furosemide-sensitive l4Cformate up-
take in the presence, but not in the absence, of an outward C1
Fig. 4. '4C-formate influx in liposomes reconstituted with the purified 162
kDa protein. Liposomes were pre-equilibrated for 120 minutes at 20°C in
a medium that consisted of 100 mat mannitot, 20 mat Hepes, 10 mat TMA
hydroxide, pH 7.5, that in addition contained 60 mM K-gluconate, and 40
mM K-Cl or contained 100 mist K-gluconate. The uptake of 25 j.LM
'4C-formate into the liposomes was measured at 60 seconds, after 1:10
dilution and incubation of the vesicles in a medium of final composition 96
mM K-gluconate, 4 mat K-Cl, 100 mM mannitol, 20 mist Hepes, 10 mM
TMA hydroxide, pH 7.5. Furosemide was used at 0.5 m concentration.
Each datum represents the mean s for three separate experiments
performed on different membrane preparations.
gradient. The two hour equilibrium values were similar in all
groups (data not shown).
The results of the above experiments indicate that the 162 kDa
protein is the luminal C1/formate exchanger in rabbit kidney
proximal tubules. In the next series of experiments, the liposmes
reconstituted with the 162 kDa protein were tested for Cl/
HC03 exchange activity. Accordingly, the influx of 36Cl in
liposomes reconstituted with the purified 162 kDa protein was
measured in the presence or absence of an outward bicarbonate
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Fig. 5. HC03-dependent 3'Cl influx in liposomes reconstituted with the
purified 162 kDa protein. pH 7.5/pH, = 7.5/7.5 or 7.5/6.0. Liposomes were
pre-equilibrated for 120 minutes at 20°C in a medium that consisted of 100
mM mannitol, 28mM K-HCO3, 72mM K-gluconate, 20mM Hepes, 10mM
TMA hydroxide, pH 7.5, and gassed with 90% N,, 5% CO,. The uptake of
4 mvt 36CL into the liposomes was measured at 60 seconds, after 1:10
dilution and incubation of the vesicles in a medium that contained either
100 ms mannitol, 28mM K-HCO,, 72mM K-gluconate, 20mM Hepes, 10
mM TMA hydroxide, and gassed with 95% N2, 5% CO, (pH, 7.5) or
contained 75 mrvt mannitol, 25 mi Mes, tOO mwi K-gluconate, 20 mM
Hepes, 10 mrvi TMA hydroxide, and gassed with 95% N2, 5% CO2 (pH
6.0). DIDS was used at 0.5 mu concentration. Each datum represents the
mean SE. for three separate experiments performed on different
membrane preparations.
gradient with or without external 0.2 mrvi DIDS. As illustrated in
Figure 5, the reconstituted liposomes showed significant DIDS-
sensitive bicarbonate-dependent 36CL influx in the presence of an
outward bicarbonate gradient.
Further characterization of the 162 kDa protein
The results of the above experiments indicate that the 162 kDa
protein mediates the transport of CL/formate and CL/HC03.
Next we tested whether the 162 kDa protein could mediate
C1 /OH exchange. Accordingly, the influx of 36C1 in liposomes
reconstituted with the purified 162 kDa protein was measured in
the presence or absence of an outward pH gradient (pH/pH0 =
7.5/6.0 vs. 7.5/7.5) with or without external 0.5 mtvi DIDS. As
illustrated in Figure 6, the reconstituted liposomes did not show
any significant DIDS-sensitive pH-dependent 3'CL influx in the
presence of an outward pH gradient. Further 3'CL uptake
experiments in reconstituted liposomes were performed at pH 8.0
and compared to pH, 6.0 (pHJpH = 6.0/6.0 vs. 6.0/8.0). There
was no significant difference in 3'CL influx at two extreme
intracellular pH (29 4.8 at pH,/pH1 6.0/6.0 and 35 4.5
nmol/mg protein/mm at pH0/pH 6.0/8.0, P > 0.05, N = 3).
The purpose of the next series of experiments was to determine
whether the 162 kDa protein mediates Cl/oxalate exchange.
Toward this end, the influx of 3°CL in liposomes reconstituted
with the purified 162 kDa protein was measured in the presence
Fig. 6. pH-dependent 3'Cl influx in liposomes reconstituted with the
purified 162 kDa protein. pH1/pH, = 7.5/7.5 or 7.5/6.0. Liposomes were
pre-equilibrated for 120 minutes at 20°C in a medium that consisted of 100
mM mannitol, 100mM K-gluconate, 20mM Hepes, 10mM TMA hydroxide,
pH 7.5. The uptake of 4 ms 35CL into the liposomes was measured at 60
seconds, after 1:10 dilution and incubation of the vesicles in a medium that
contained either 100 mrvt mannitol, 100 mrvt K-gluconate, 20 mrvt Hepes, 10
mM TMA hydroxide (pH, 7.5) or contained 75 mM mannitol, 25 mM Mes,
100 mM K-gluconate, 20 mrvt Hepes and 10 mwi TMA hydroxide (pHi, 6.0).
All solutions were gassed with 100% N2. DIDS was used at 0.5 ms
concentration. Each datum represents the mean SE for three separate
experiments performed on different membrane preparations.
or absence of an outward oxalate gradient (± [oxalate] =10 mM)
and in the absence of a pH gradient (pH1/pH,, = 7.5/7.5). As
illustrated in Figure 7, the reconstituted liposomes did not show
arty significant DIDS-sensitive oxalate-dependent 36CL influx.
Additional experiments were performed at pH 8.0 and 6.0 (pH,/
pH = 6.0/6.0 vs. 8.0/8.0). The results indicated that 36CL influx in
reconstituted liposomes at pH 8.0 was the same as pH 6.0 (32
4.2 at pH0/pH1 6.0/6.0 and 38 5.5 nmol/mg protein/mm at
pH0/pH1 8.0/8.0, F> 0.05, N = 3).
Sensitivity of Cl /formate exchange to inhibitors
In the next series of experiments the sensitivity of CL/formate
exchange to inhibition by DIDS or furosemide was examined. An
outward CL gradient was imposed across the reconstituted
liposomes and the influx of 14C-formate was assayed in the
presence of varying concentrations of DIDS or furosemide. Figure
8 shows that DIDS inhibited the CL-dependent 14C-formate
influx with an 1C50 of —110 jxM. Figure 9 is a dose response
inhibition of Cl-dependent '4C-formate uptake by furosemide and
shows that the exchanger is inhibited by furosemide in a dose-
dependent manner, with an 1C50 of —200 jIM.
Discussion
Functional studies illustrated the presence of CL/formate and
CL/HC03 exchange in liposomes reconstituted with the 162
kDa protein from luminal membranes of proximal tubule (Figs. 1
to 5). While both CL/formate and CL/HC03 in kidney proxi-
mal tubule demonstrate some inhibitory profiles similar to the red
::*n
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(oxalate)1 mM
(oxalate)0
Fig. 7. Oxalate-dependent 36C1 influx in liposomes reconstituted with the
punfied 162 kDa protein. pH/pH0 7.5/7.5. Liposomes were pre-equili-
brated for 120 minutes at 20°C in a medium that consisted of 100 ms
mannitol, 20 mt Hepes, 10 m'vi TMA hydroxide, pH 7.5, that in addition
contained 100 mit K-gluconate or 80 mrvi K-gluconate, 10 ms K-oxalate,
and 10 mM mannitol. The uptake of 4 mi 36C1 into the liposomes was
measured at 60 seconds, after 1:10 dilution and incubation of the vesicles
in a medium that contained 100 mrvi mannitol, 100 ms K-gluconate, 20mM
Hepes, and 10 m'vi TMA hydroxide (pH0 7.5). All solutions were gassed
with 100% N2. DIDS was used at 0.5 mi concentration. Each datum
represents the mean SE. for three separate experiments performed on
different membrane preparations.
cell band 3 (AE1) and other known Cl/HCO3 exchangers (AE2
and AE3), they are distinct from the band 3-related proteins that
have been identified thus far [2]. Furthermore, there has been no
information on the molecular structure and properties of the
protein that mediates these two exchange processes. Results of
the current investigations indicate that a 162 kDa protein in the
luminal membranes of kidney proximal tubule is an anion ex-
changer (Figs. 1 to 3). Functional studies in reconstituted lipo-
somes illustrated that the 162 kDa protein is the Cl/formate
exchanger (Fig. 4). When reconstituted in liposomes the 162 kDa
protein also demonstrated C1/HC03 exchange activity (Fig. 5).
Cl/formate exchange was first described in kidney cortex [2, 3].
Studies examining the physiologic role of the Cl/formate ex-
change demonstrated that addition of formate to the luminal and
basolateral surfaces of rabbit and rat kidney proximal tubules
resulted in an increase in NaCl reabsorption [12—14]. The for-
mate-stimulated increase in NaCl reabsorption was DIDS inhib-
itable [12-44]. In rat proximal tubules in the presence of formate
in luminal and basolateral compartments, addition of chloride to
the luminal fluid was associated with significant cell acidification
[4]. These results are compatible with the presence of C1/formate
exchange in kidney proximal tubules. Based on these studies, it
was proposed that formate secretion into the lumen and subse-
quent back diffusion in the form of formic acid could provide the
proximal tubule cells with a Cl lbase exchange mechanism that is
driven by recycling of formate across the luminal membrane [2, 3].
Important to this hypothesis is presumed significant formic acid
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Fig. 9. Dose response inhibition of Ctjfonnate exchange by furosemide.
Reconstituted liposomes were pre-equilibrated and assayed for Cl-depen-
dent 14C-formate influx in a manner similar to Figure 3. Varying concen-
trations of furosemide were added to the external solutions. Each datum
represents the mean SE for three separate experiments.
permeability of the proximal tubules. Studies evaluating this issue
in kidney proximal tubule, however, have not shown any signifi-
cant permeability to formic acid [9, 281. This leaves the question
of formic acid recycling and its relationship to ClJformate
exchange unanswered and raises serious questions regarding the
physiologic relevance of CL1formate exchange in reabsorption of
chloride.
The presence and role of C1/HC03 in luminal membranes of
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Fig. 8. Dose response inhibition of C1/formate exchange by DIDS. Recon-
stituted liposomes were pre-equilibrated and assayed for Cl-dependent
'4C-formate influx in a manner similar to Figure 3. Varying concentrations
of DIDS were added to the external solutions. Each datum represents the
mean SE. for three separate experiments.
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kidney proximal tubule is less well understood. This transporter
has been shown to be present in luminal membranes of proximal
tubule in some studies [4, 10, 111 but not others [14]. One
explanation with respect to these conflicting reports might be the
role of basolateral acid-base transporters in proximal tubule cell
pH regulation. For example, alterations in basolateral Na-
HCO3-cotransporter or CL/HCO3 exchanger activity could
offset the effect of inhibition or stimulation of the luminal
CL/HC03 exchanger on proximal tubule cell pH. In support of
this view, addition of chloride to the luminal solution in rat kidney
proximal tubule did not have any effect on cell pH [4]. However,
after inhibition of the basolateral pH regulating processes with
disulfonic stilbene SITS, addition of chloride to the lumen caused
cell acidification suggesting the presence of Cl/HCO3 ex-
changer [41. Studies in BBM vesicles isolated from rat or rabbit
kidney cortex demonstrated that imposition of an outward
HC03 gradient significantly increased DIDS-sensitive chloride
uptake [10, 11]. Taken together, these results are consistent with
the presence of CL/HC03 exchanger in luminal membranes of
kidney proximal tubules.
The current studies are the first report on purification and
reconstitution of the proximal tubule C1/formate or C1/HC03
exchanger. Imposition of an outward pH gradient (pH/pH) =
7.5/6.0 or 8.0/6.0) in the absence of bicarbonate did not increase
36 influx in liposomes reconstituted with the 162 kDa protein,
indicating that this protein does not function in Cl—/OH- mode
(Fig. 6). Several studies have shown the presence of CL/OH
exchange in kidney proximal tubule [6—9, 14]. Lack of hydroxyl-
dependent 36CL influx in reconstituted liposomes suggests that
CL/OH exchange is distinct from the 162 kDa protein. Further
studies on the functional identity of the 162 kDa protein revealed
that imposition of an outward oxalate gradient did not stimulate
36C1 influx (Fig. 7), suggesting that the CL/oxalate exchanger
may be distinct from the protein that was purified in these studies.
The molecular weight of the purified protein, 162 kDa, is very
close to two other anion exchangers, namely AE2 and AE3 [17,
18]. Using antibodies specific for AE1 and AE2 we did not detect
any cross reactivity with the 162 kDa protein (data not shown),
indicating that this protein is distinct from AE1 and AE2. The
cross reactivity of the 162 kDa protein with AE3 was not studied.
However, based on the transport properties and inhibitor profile
of AE3 [17] versus proximal tubule anion exchanger [2], we
believe that the 162 kDa protein is distinct from AE3. Further,
two partial amino acid sequences obtained from the digested
protein showed novel sequences (data not shown).
The proximal tubule Cl /formate exchanger, when reconsti-
tuted into liposomes, shows sensitivity to inhibition by DIDS and
furosemide, two known inhibitors of the AE family. The results of
dose-response inhibition of Cl/formate exchange by DIDS or
furosemide show increased sensitivity to these two inhibitors
(Figs. 8 and 9). The CL/formate exchange in native BBM vesicles
was, however, more resistant to these inhibitors [3, 10, 11]. This
difference in sensitivity most likely results from increased acces-
sibility of the inhibitor binding sites on 162 kD protein in
reconstituted liposomes.
For CF /formate exchange to be physiologically relevant in
chloride reabsorption in kidney proximal tubule, formate must
enter proximal tubule cells to be exchanged for luminal chloride.
The mechanism of formate entry into proximal tubule cells has
not been determined. The results of our experiments (Figs. ito 5)
demonstrate that both CL/HC03 and CL/formate exchange are
mediated via the same protein. This unique property of the
proximal tubule CL/HCO3 iformate exchanger might address
the concern regarding formate entrance into proximal tubule
cells. Accordingly, a possible mode of proximal tubule CL/
HCO3 jformate exchanger might be formate/HCO5 — exchange.
Such a transport mode could facilitate the exchange of luminal
formate for intracellular HC03, resulting in formate entry into
the cell. The intracellular formate could then exchange with
luminal chloride via ClJformate exchanger. Whether the 162 kD
protein could indeed facilitate the exchange of formate for
HC03 needs to be examined. A recent report has shown that
formate can enter the proximal tubule cell via a formate/OH
exchange [29], which could then be exchanged with the luminal
CL via the CL/formate exchanger.
Given the conflicting data regarding formate/formic acid per-
meability and concentration in proximal tubules [2, 3, 9, 28], it is
possible that while formate is transportable in exchange for
chloride on 162 kDa protein, it does not play a significant role in
chloride reabsorption under physiologic conditions. Conversely, it
is plausible that the 162 kDa protein mainly operates in CL/
formate mode and CL/HC03 exchange may not be the physio-
logic mode of its function.
In conclusion, a 162 kDa protein isolated from kidney proximal
tubules was purified and reconstituted into liposomes. Functional
studies illustrated that this protein mediates chloride/formate and
chloride/bicarbonate exchanges. The functional activities of this
protein were inhibited in the presence of DIDS and furosemide,
two known inhibitors of renal anion exchangers. This protein is
distinct from the known anion exchanger proteins (AEI, AE2,
and AE3) and may represent another isoform from this family of
pH regulators.
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